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We report a remarkably low stacking-fault density in ZnSe epilayers directly grown on commercial
epi-ready GaAs~001! substrates without GaAs buffer layer growth. It is found that proper
pregrowth treatments on epi-ready GaAs~001! substrates to obtain clean surfaces are crucial for
two-dimensional layer-by-layer growth and suppression of stacking fault generation. Chemical
etching using a NH4OH-based solution is found to reduce not only the thickness of the oxide layers
but also the ratio of Ga2O3 to As2O3 to about half of that before etching. A clean GaAs~001! surface
characterized by a (431) reconstruction in the present case is obtained after thermal cleaning
followed by Zn pre-exposure. Reflection high-energy electron diffraction intensity oscillations with
more than 50 periods are observed even from the very beginning of ZnSe growth on GaAs
substrates cleaned as such. The stacking fault density in such a ZnSe layer is in the low-105 cm22


















































Stacking faults~SFs! are predominant defects in ZnS
based epilayers grown on GaAs. They act as sources for
line defects1 which develop in the active layer of a las
diode during device operation and induce an abrupt failure
ZnSe-based laser diodes.2 These SFs are generated at t
ZnSe/GaAs~001! interface during initial growth due to th
heterovalent nature of the interface.3 Control of interface
chemistry has been found to be crucial to control defect g
eration originating from the ZnSe/GaAs interface; this co
trol leads to the growth of high-quality layers.
A correlation between the ‘‘stacking fault density’’ an
‘‘surface treatment or surface stoichiometry’’ has been
tensively studied4 and the relationship between the surfa
chemistry of GaAs and surface reconstruction has been
tablished. A SF density of 53104 cm22 in ZnSe epilayers
has been achieved by employing Zn pre-exposure on an
stabilized (234) surface of a GaAs~001! buffer layer. This
procedure prevents the formation of a Ga2Se3-like interface
layer at the ZnSe/GaAs interface and allows tw
dimensional~2D! layer-by-layer growth of ZnSe from th
very beginning. On Se pre-exposed GaAs~001! buffer lay-
ers, in which Ga2Se3-like interface layers formed at th
ZnSe/GaAs interfaces,3 ZnSe grows in a three-dimension
~3D! island growth mode with SF densities of 53106– 5
3108 cm22. On the other hand, it is generally accepted t
ZnSe growth on GaAswithout a buffer layer exhibits 3D
island growth at the initial stage.5 SF densities in ZnSe films
grown directly on GaAs~001! substrateswithout GaAs
buffer layers were reported to be as high as 109 cm22.6
In order to grow GaAs buffer layers with well-controlle
surface chemistry, a III–V growth chamber connected t
II–VI growth chamber via an ultrahigh vacuum transpo
a!Author to whom all correspondence should be addressed; electronic
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tunnel is required. It would simplify the molecular beam e
itaxy ~MBE! equipment and the growth processes if a n
process were developed to grow high quality ZnSe lay
with reduced SF density directly on a GaAs substrate with
using a GaAs buffer layer. In this letter, we will demonstra
the growth of high-quality ZnSe epilayers with reduced
density in the low-105 cm22 range on commercial epi-read
GaAs substrates without employing GaAs buffer lay
growth.
ZnSe layers were grown by MBE. Solid Zn and SeK
cells were used as sources. Prior to growth, epi-ready se
insulating~001! GaAs substrates were etched with a soluti
of H2O:NH4OH(25%):H2O2~30%!525:2.5:0.5~ml! for 1
min at room temperature, followed by a rinse in de-ioniz
water and then spin dry. This process was performed
fresh epi-ready GaAs substrates immediately after unsea
the substrate package. The approximate time of the etc
procedure is 5 min including chemical etching~1 min!, rins-
ing ~2 min!, and drying~2 min!. The approximate time of the
mounting procedure is 2 min including mounting on the M
block ~10 s! using indium at 150 °C and transfer to the loa
lock chamber~1–2 min!. Since it has been suggested th
overheating in air can increase the oxide thickness,7 quick
mounting at low temperatures is favorable. The substrate
thermally deoxidized in the MBE chamber at 580 °C for
min prior to growth. After thermal deoxidization, the su
strate was exposed to Zn flux while cooling down to
growth temperature of 300 °C in order to protect the Ga
surface from reaction with Se.3 The substrate surface struc
ture and growth mode were monitoredin situ by reflection
high-energy electron diffraction~RHEED!. The thicknesses
of the ZnSe layers were less than 150 nm to prevent
generation of misfit dislocations.8 Defects in the ZnSe layer
were characterized by plan-view transmission electron
croscopy~TEM!. Surface oxide layers of the epi-ready GaA
substrates were characterized by angle-resolved x-ray ph
electron spectroscopy~ARXPS!.
il:
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166 Appl. Phys. Lett., Vol. 78, No. 2, 8 January 2001 Hong et al.Table I summarizes the characteristics of the surface
ide layers on epi-ready GaAs substrates investigated
ARXPS. We have analyzed the ARXPS data in terms o
rough interface model between the topmost oxide layer
the bottom GaAs. The thickness of the oxide layer and
ratio of Ga2O3 to As2O3 are decreased by chemical etchin
The agreement between the measured and the calculate
lar angle dependence of the XPS intensity was good. De
of the analysis by ARXPS will be reported elsewhere.9
The thermally deoxidized surfaces with and witho
chemical etching showed (431) and (131) RHEED pat-
terns, respectively. RHEED intensity oscillations were o
served during growth of ZnSe on chemically etched s
strates, while no oscillation was observed during growth
substrates without chemical etching, although the ther
deoxidization and growth conditions were the same. Th
chemical etching is crucial to 2D layer-by-layer growth. Fi
ure 1 shows an example of RHEED intensity oscillatio
with more than 50 periods from the very beginning of Zn
growth.
The surface reconstruction on GaAs and the resul
interface chemistry at the ZnSe/GaAs interface in the pre
study are different from those of Ohtakeet al.,4 where the
interface chemistry was controlled by achieving well-defin
surfaces of GaAs buffer layers followed by pre-exposure
Zn, Te, or Se. The important conclusions from their resu
are ~1! the growth of ZnSe is governed by layer-by-lay
growth only when the reaction of GaAs with Se is prevent
otherwise Ga2Se3-like surface layers would form and caus
island growth;~2! both the density and type of SFs genera
TABLE I. Summary of characteristics of the topmost oxide layer on e













Before 0.20 0.97 0.37
After 0.05 0.50 0.26
aIn the rough oxide/GaAs interface model, the oxide layer is compose
the topmost Ga2O3 and As2O3 layers ~thicknessd1) and underling mixed
layer ~thickness d2) of Ga2O3 and As2O3 ~volume ratio of oxide:
GaAs51:1).
FIG. 1. RHEED intensity oscillations during the initial growth of ZnS
films on epi-ready GaAs substrates.






















in ZnSe epilayers are closely correlated with the interfa
chemistry. Based on their result, the 2D layer-by-lay
growth on the chemically etched epi-ready GaAs substra
in the present study implies that the reaction of GaAs surf
with residual Se was successfully suppressed by the pre
pregrowth treatments including Zn pre-exposure.
Figure 2 shows plan-view TEM micrographs of a samp
consisting of a 20 nm thick ZnSe cap layer, a 3 monolayer
thick CdSe layer, and a 120 nm thick ZnSe buffer lay
directly grown on epi-ready GaAs~001! with chemical etch-
ing. Here, we can see both CdSe quantum dots and SF
Franck-type SF is marked F with an arrow, and all oth
contrasted features correspond to quantum dots. SFs sh
typical ‘‘black and white’’ line contrast with triangle shape
which is very different from the contrast and shape of t
quantum dots shown in the inset of Fig. 2. These spec
features of the SFs enable us to unequivocally distingu
them from quantum dots. Furthermore, the contrast
shape of quantum dots are the same as those for CdSe q
tum dots embedded in ZnSe layers.10 The SF density in this
sample is estimated to be in the low-105 cm22 range, which
is the lowest SF density reported so far, we believe, on Z
epilayers directly grown on GaAs substrates without Ga
buffer layers.
The proposed pretreatments including the Zn p
exposure should be effective in preventing the formation
Ga2Se3-like interface layers, and lead to reduced SF den
ties. However, we have obtained very high defect densi
of 43107 cm22 in ZnSe layers grown on thermally deox
dized epi-ready GaAs without chemical etching, althou
both the reaction of the GaAs surface with Se and the
mation of Ga2Se3-like interface layers should have been pr
vented by the Zn pre-exposure. The observed high SF d
sities could be attributed to residual oxide layers which w
not completely removed even through the thermal clean
processes. We would like to mention that both the clea
ness of the substrate surface and the prevention of the r
tion of Se are quite crucial for both layer-by-layer grow
and low SF densities.
We have performed further growth and evaluation
-
of
FIG. 2. Plan-view TEM micrograph. A Franck-type SF~marked as F with
an arrow! is shown. All other contrasted features correspond to quan





































































167Appl. Phys. Lett., Vol. 78, No. 2, 8 January 2001 Hong et al.SFs in ZnSe layers grown on epi-ready GaAs substr
which had been kept in air for 2–3 months before chem
etching. Although the residual oxide layer thickness was
measured by ARXPS, it is most likely that the thickness w
much thicker than that on the fresh GaAs substrate. Q
surprisingly, RHEED intensity oscillations were observ
even from the very beginning of epitaxy, however, with
smaller number of oscillations, about 10. The SF densi
were around 23107 cm22, which is almost the same order o
SF density in ZnSe grown on a fresh epi-ready GaAs s
strate without chemical etching. Thus, in addition to the
gree of 2D growth, the SF densities in ZnSe layers critica
depend on the pretreatment of epi-ready GaAs substra
which reduces the residual oxide layer thickness.
In order to achieve 2D layer-by-layer growth and low S
density without growing buffer layers, the cleaning proce
must satisfy the following two conditions:~1! surface oxide
layers must be completely removed after thermal clean
~2! a flat surface must be provided. Condition~1! could be
realized by thermal cleaning at a very high temperatu
However, such a cleaning method does not meet condi
~2! mainly because of excessive As desorption. Theref
substrates with thin and easily removable oxide layers
required in order to complete deoxidization at a relativ
low temperature. Based on the present ARXPS and RHE
results, we can conclude that a reduction of surface oxide
particular Ga2O3 on the surface of epi-ready GaAs su
strates, by chemical etching is necessary to complete de
dization of the GaAs surface by thermal cleaning under m
erate conditions, presumably because Ga2O3 is harder to be
thermally removed than As2O3.
11 In addition, Prioret al.12
have shown that volatile gallium suboxide Ga2O is produced
during the removal of the surface oxide and that this requ
a source of available gallium: 4GaAs~s!1Ga2O3~s!
→3Ga2O~g!12As2~g!. Consequently, when the oxide is ve
thin, a reaction with the underlying substrate generates
suboxide evenly across the surface. However, when the
ide is thicker, its removal is much slower, and occurs at w
points in the oxide layer. As a result, removal of the oxide
patchy, and small islands of oxide are created which
attacked at their edges.13 The source of gallium is generall
the first part of the surface to be exposed, which crea
small pits.14 The pits have been suggested to be nuclea
sites for SFs. These results seem to agree with the cu
work, namely, that thin oxides give flat surfaces with a lo
density of pits and hence SFs, while thicker oxides c
sometimes give flat surfaces but have higher pit and, co
quently, SF densities.































ments on epi-ready GaAs~001! substrates to obtain clea
surfaces are crucial to 2D layer-by-layer growth and supp
sion of SFs. The chemical etching is found to reduce
only the thickness of the oxide layers but also the ratio
Ga2O3 to As2O3 by about 50%. A clean GaAs~001! surface
typically characterized by a (431) reconstruction in our ex-
periments is obtained after thermal cleaning followed by
pre-exposure. It is found that, as the cleanliness of the in
GaAs surface is improved, the 2D layer-by-layer growth fe
tures of ZnSe become more pronounced and the SF de
in ZnSe layers is reduced. More than 50 periods of RHE
intensity oscillations are observed even from the beginn
of ZnSe growth on GaAs substrates cleaned as such. Th
density in such a ZnSe layer is typically in the low-105 cm22
range, which is quite low for ZnSe epilayers directly grow
on GaAs substrates without GaAs buffer layers. A furth
reduction of the SF density could be achieved if extrin
factors such as wafer mounting using indium and wa
cleaving, which can result in SF generation,15 could be ex-
cluded.
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